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The  past  8  years  have  witnessed  a  change  in  farm  practices  that  has 
resulted  in  the  use  of  many  crops,  other  than  corn,  for  silage. 
Several  factors  have  had  a  part  in  causing  %his  change;  some  of  the 
more  important  ones  are  the  difficulty  in  putting  up  hay  and  other 
dry  forages  in  wet   seasons,  the  high  cost  of  raising  corn  in "some 
localities,-  the  effort  to  keep  summer-milk  quality  the  year  round  and 
the  increased  use  of  soil-saving  crops.   The  call  to  the  j'imerican  dairy 
farmer  to  increase  milk  production  as  a  defense  metisure  during  the 
coming  year  will  demand  additional  silage.   Much  of  this  increase  will 
be  "grass  silage,"  by  which  is  meant  silage  from  grasses,  legumes,  and 
cereal  grains  either  vdth  or  v-'ithout  ...dded  preservative.   The  desire  to 
get  a  feed  high  in  carotin  t.nd  protein  has  led  to  storing  crops  at  c.n 
eo..rly  stage  of  m-^urity  when  the  moisture  content  is  high.    Figh  mois- 
ture contents  t.long  with  pr^serv.tivc  and  the  packing  characteristics 
of  such  plants  lead  to  high  pressures,  leakage,  and  the  attendant  higher 
corrosion  rate  on  many  of  the  mat-trials  used  in  silo  construction. 
These  effects  ...re  more  go-neral  in  silos  filled  rdth  gr-'.-ss  silage  but  care 
also  present  when  silos  .-re  filled  vdth  high-moisture  corn' silage. 

During  the  past  6  years  #1110  the  Cooper--ctive  Silo  Project  has  been  " 
under  way  at  the  Dairy  Research  Farm  of  the  New  Jersey  Agricultural 
Experiment  Station  and  the  Beltsville  Research  Center  of  tht  U.  S. 
Department  of  Agricult-'or o,  pressures,  density,  drainago,  :.nd  thu  pro- 
tection of  silo  v/alls  have  been  studied.    Pressures  have  been  measured 
in  silos  filled  ?/ith  corn  silage  ranging  from  68  to  81  percent  moisture 
and  vdth  grass  sil-age  ranging  from  62  to  7^  p<-rc>^nt  moisture.   The  hori- 
zontal pressures,  at  i.   I].0-foot  depth,  v/ith  corn  sil^.ge  ranged  from  JilO 
pounds  per  squo.r^  foot  in  a  lJ4-f oot-dicjatitwr  silo  to  900  pounds  in  a  16- 
foot  silo;  with  grass  sil'.ge  the  r  mge  tv-s  from  260  pounds  in  .  12-ioot 
silo  to  1,167  pounds  in  an  16-foot  silo.    It  is  interesting  to  not-^  th.t 
the  highest  moisture  contunt  was  found  in  corn  sil;-.ge  while  the  highest 
pressure  w  .s  recorded  with  gr.ss  silage. 


1/  Coop'^r;;tive  silo  studios  h-avo  been  c..rriv>d  on  f-.t  tho  Boltsvillo  Re- 
Te^^rch  Center  of  thu  U.  S.  Department  of  Agricalturj  since  193^  ^^nd  '.^t 
the  Dairy  Re»earch  Fcirm  of  the  New  Jersey  State  Agricultur;d  Experiment 
Station  since  1937*   The  vrork   t  the  New  Jersey  ,St:-tion  h..s  bet;n  und'_r 
the  direction  of  Dr.  J.  "J.  P'.rtlutt  of  the  Department  of  Dairy  Industry'- 
and  Prof.  i--.  C.  Krueger  of  the  Dept.  of  Agricultural  Engineering.   D.  ■. 
Friend  is  the  gradur..te  student  irho  is  c  .rryinr^  on  the  work  ,.t  the  farm. 
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A  suiranury  of  our  tssts  shov/s  th;.-t  silo  prossurss  incret^se  with  moisture 
content  of  tho-  silcge  and  di;.^jneter  of  the  'silo  for  both  corn  ..nd  gr^vss 
silago;  but  with  equal  moisture  contents  and  dio-moters,  .y;rass  silage 
gives  greater  pressures  because  of  closer  packing  or  higher  density. 
The  grov.dng  practice  of  putting-up  grass  silage  vd.thout  waiting,  using 
material  as  delivered  hy   the  silage  field  harvester  or  grass  combine, 
contributes  to  high  silo  pressures.    The  general  increase  in  the  use  of 
grass  silage  and  the  use  of  unwilted  material  mean  that  more  high-mois- 
ture grass  silage  "will  be  put  up  and  more  silos  will  have  to  withstand 
high  pressures. 

The  pressures  measured  during  the  past  season  showed  no  change  from  the 
maximum  or  minimum  pressures  measured  in  former  years  for  silos  of  equal 
diameter,  since  the  moisture  contents  have  been  between  the  same  maximuia 
and  minimum  limits.   Eov/ever,  vdth  the  additional  data  we  have  been  able 
to  construct  curves  showing  the  increase  in  pressure  in  silos  vdth  in- 
creasing diameter  but  constant  moisture  content  of  silage,  and  additional 
curves  showing  the  pressure-increasing  effect  of  increasing  moisture  con- 
tent of  silage  in  silos  of  constant  diameter.   Fdgure  1  shows  the  hori- 
zontal pressures  at  the  bottom  of  silos  12,  ll+,  and  IS  feet  in  diameter 
•from  grass  silage  containing  70  percent  moisture  as  the  depth  of  silage 
incroa.sed  to  I4D    feet..    Figures  2,  3j  ^j  ^^^  5  gi'^s   "the  horizontal 
pressures  in  silos  12,  I'ii,    I6  and  16  feet  in  diameter  from  various  types 
of  sil.age  having  different  moisture  contents.    The  kind  of  material,  the 
preservative  used,  and  the  speed  of  filling  have  some  effect  on  the 
pressures,  but  from  these  curves  it  is  quite  evident  that  moisture  con- 
tent is  the  chief  controlling  factor,   ^malysis  of  the  data  from  26  silos 
has  given  formulas  which  have  been  used  for  constructing  curves  to  sho^v 
the  maximum  horizontal  pressures  that  must  Okj   provided  for  in  the  design 
of  silos . 

Figures  6  and  7  present  design  curves  for  large  and  medium-sized  silos 
and  for  silage  of  usual  and  high  moisture  contents.    There  is  such  a 
great  difference  between  the  pressures  actually  measured  in  large  silos 
and  the  pressures  actually  measured  in  mtodium-sized  silos  that  two  sets 
of  formulas  are  required.    This  change  must  be  attributed  to- the  arch- 
ing action  of  the  silage  and  its  angle  of  repose.   In  figure  6  the  formula, 

1-13 
P}^  _  dh  (vmere  P^   the  horizontal  pressure,  d   the  diejneter  and 

-    ^Vh- 

h   the  depth  of  silage)  gives  a  curve  th.-t  agrees  very  v/ell  vdth  the 

average  measured  pressures  in  silos  12  to  114.  feet  in  diameter  filled  mth 

silage  containing  75  percent  or  more  of  moisture.   In  figure  7  "the  curve 

1 .56 
constructed  from  the  form.ula  P  _.  dh   '      represents  the  pressures  in 

silos  16  to  16  feet  in  diejiieter  filled  mth  silage  containing  75  Percent 

1.9 
or  more  of  moisture .   The  formula  P^  _  dh  for  pressures  in 

h x/ni+-? 

2.65h 
silos  12  to  \\\   feet  in  diamett^r  and 

1  .^4-5 

P  _  dh         for  these  in  silos  I6  to  16  fget  • 


1 
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in  diaiTiviter,  used  to  dravi  th.,  corrospoiidini^  curves  sliown  in  Fif;ures 
6  and  7>  ^^nd  were  calcul::-ted  from  the  avurr.ge  pr^ssun.  s  mei.sur^d  in 
silos  filled  with  sila^;;e  having  rnoisturo  contents  up  to  and  includinf^ 
yii  p-^rcent.    The  curves  show  considerably  lower  pressure:. s  than  were 
observed  wdth  high-moisturo  silage,  but  v/ould  be;  considered  adequate 
for  silage  of  all  moisture  contents  if  the  silo  Yvere  equipped  with  i.n 
•-.ffuctive  drainage  system  to  remove  the  excess  moisture  from  the  silo. 
If  silos  designed  for  moisture  contents  up  to  74  percent  are  not  equipped 
with  drains  and  aro  filled  with  high-moisture  silage  leakage  i/rill  occur 
and  parts  of  the  structure  vail  be  attacked  by  the  silage  juices.   To 
some  extent  the  conditions  vrould  oe  the  sfxme  as  havo  been  observed  in 
the  past  in  silos  built  for  corn  silage.   The  silos,  when  filled  avith 
normal  corn  silage,  were  adequate  and  there  xfv.s   no  leakage;  but  when  a 
late-m..-turing  crop  or  early  frost  cr.used  the  silage  to  be  put  up  with  a 
high'-moisture  content  the  silo  ler.ked  and  the  pressures  were  probably 
high  enough  to  reduce  the  factor  of  safety  in  the  reinforcing  stoel  from 
3  to  2.    Since  this  hig,h -moisture  silage  was  put  up  only  once  in  5  "to 
10  y..ars  the  bad  effect  on  the  silo  was  not  noticeable  until  it  was  very 
old.    Fowever,  '.vith  grass  silage  there  are  possibilities  of  having 
silage  of  75  percent  or  more  raoisture  in  most  years  and  thus  the  bad 
effects  of  high  moisture  and  leakage  will  be  multiplied  and  will  make 
necessary  more  reinforcing,  along  v/ith  effective  drains  if  the  silo  is 
to  function  under  all  raoisture  conditions. 

It  vj-as  thought  tiiat  pre-stressing  of  reinforcing  hoops  v/ould  help  to 
reduce  the  amount  of  lev-Jcage  from  the  joints  between  staves  in  silo 
v/alls,  and  in  former  years  the  hoops  on  txro  silos  were  drawn  up  to  give 
a  tension  of  approximately  18,000  pounds  per  squo.re  inch.   This  should 
allow  for  the  pressures  on  the  i\'alls,  and  not  give  sufficient  elongation 
in  the  hoops  to  open  cracks  between  the  silo  staves.   Such  tests  reported 
l.-.st  ye..:r  g;..ve  some  indicc^tioh  of  being  successful.   Additioni.l  tests  of 
pre-stress  ing  the'  hoops  of  concrete-stave  silos  have  been  made  in  v.'"hich 
it  vias  found  th^t  most  of  the  leakage  from  the  vertical  joints  could  be 
stopped  but  le  kage 'Vrould  still  occur  through  the  horizontal  joints. 
These  trials  shov.'ed  th^-t  it  is  pr.:.ctically  impossible  to  get  a  unif ona 
stress  in  silo  hoops  due  to  friction  betvv^een  the  v/alls  and  the  hoops. 
The  stress  is  always  greatest  neiir  the  ends  v;here  the  hoops  are  'tightened. 
It  is  indicated  that,  once  the  hoops  on  a  concrete-stave  silo  have   been 
tightened  and  ^.11  joints  between  staves  have  been  seated,  the  stress  in 
the  hoops  does  not  decline  much.   The  greatest  changes  in  the  hoop  stress 
are  due  to  the.'  shrinking  :.nd  sivelling  of  the  concrete  as  it  loses  or 
takes  up  moisture,  •  and  variations  in  pressure  as  the  silo  is  filled  or 
emptied  and  as  the  silage  freezes  i.nd  thaws.    The  effects  of  these  separate 
fa.ctors  on  hoop  stress  cannot  be  reported  until  speci;^.l  tests  have  been 
m-ade  under  v^.rious  experiment.. 1  conditions. 

Since  excessive  leakage  around  silo  doors  and  tlireugh  the  vralls  of  silos 
h:.s  i.n  injurious  effect  on  materials  of  silo  construction  and   causes 
offensive  odors,  it  is  important  to  control  leakage  either  by  reducing 
the  original  moisture  content  of  the  silage  or  by  carrying  the  liquid 
off  in  drains.    Tvro  years  ago  5  f eund:..tion-v:all  drains  were  placed  in 
each  of  two  silos  18  feet  in  dicumeter.   These  drr.lns  functioned-  very 
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v.roll  when  thw  silos  were  filled  with  silage  containing  68  percent 
moisture,  but  when  the  silos  were  filled  with  silage  containing  76,77, 
or  78  percent  moisture  only  a  small  part  of  the  excess  juice  was 
carried  off  by  the  drains,  the  remainder  coming  through  the  doorv/ay 
and  the  joints  in  the  walls.    similar  f oundation-v/all  drains  in  a  silo 
II4  feat  in  diameter  were  connected  to  3  vertical  drains  next  to  the  in- 
side ?\rall  of  the  silo.    Tv/o  of  the  vertici.l  drains  v/ere  made  up  of 
"horseshoe"  tiles  set  end  to  end  in  the  silo  as  filling  progressed;  the 
third  consisted  of  vitrified  "boll"  tiles  each  having  a  half-inch  hole 
throughout  its  length,  placed  in  the  same   manner.  Yfhen  this  silo  was 
filled  Y/ith  silage  containing  7I  percent  moisture  less  than  1  percent 
of  th^  juice  was  drained  from  the  silo,  all  of  i;hich  came  from  the 
drains  made  of  horseshoe  tile.    Further  tests  on  these;  and  other  types- 
of  Vertical  wall  drains  should  be  conducted  with  high-moisture  silage, 
Tablu  1  lists  the  kinds  of  silage  placed  in  the  various  silos  equipped 
with  drfvins,  and  the  percentage  and  cumount  of  juice  drained  from  each. 

Table  2  gives  the  type  and  weight  of  gr^uen  material  placed  in  the 
various  silos  along  v;ith  thu  percent  of  moisture  and  the  weight  of  dry 
matter  in  th^^  silage.    The  weight  of  dry  mL,tter  in  silos  filled  vdth 
high-moisture  silage  is  small  comp-trud  with  the  xveight  of  the  green 
material  placed  in  th^m. 

Figure  8  shov/s  the  densities  of  silage  as  fed  out  of  six  silos.   The 
effect  of  diameter  of  silo  on  tho  density  of  silage  is  quite  noticeable. 
The  average  density  of  silo.ge  in  silos  of  the  scjne  diconeter  is  about  the 
same  for  different  moisture  contents;  low-moisture  silage  mil  have  ^ 
slightlj/-  greater  density  than  high-moisture  silage  for  depths  ov^^r  15 
feet  and  th>..  reverse  will  be  true  for  depths  under  15  f^-et.    Densities 
measured  by  means  of  floats  placed  in  the  silo,  shov/ing  the  space  occu- 
pied by  different  v:eights  of  silage,  are  alv/ays  somewhat  higher  than 
densities  c,.-lculatcd  from  "'.-'"eights  of  measured  volumes  of  silage  vdien 
fed,  ■  due  to  expansion  of  the  silage  when  not  under  pressure  from  £ibove. 
Ho'vvover,  siich  figur-^s  are  likely/"  to  be  misleading  v^-hen  any  drainage  has 
occurred  because  the  loss  of  "i.Jeight  from  drainage  Cc^nnot  be  assigned  to 
ov  p-^rticular  part  of  the  silo. 

The  presence  of  weak  acids  in  silage  juices  has  alv/ays  presented  the 
problem  of  protecting  the  inside  walls  of  silos.   The  increased  use  of 
■grass  silage  increases  the  seriousness  of  this  problem  because  in  general 
grass  silage  is  put  up  with  a  higher  moisture  content.   This  makes  it 
yield  more  juice  and  :.t  the  same  time  higher  pressures  which  tend  to  open 
more  cracks  in  the  w  dls  .    The  protection  of  inside  v;alls  in  m:.sonry 
silos  (plastered  or  finished  v/ith  a  brush  coat  of  neat  cement)  v/ith 
paint  coatings  has  proved  difficult  sinc^  the  costings  v^rill  not  bond  well 
to  the  surface  or  penetrate  it.   Tv/enty-fcur  different  coi. tings  h^.ve  been 
..pplied  to  silos  at  the  New  Jersey  Station.    None  of  the  coatings  has 
been  tested  for  a  long  enough  period  to  give  i.ny  positive  results.   The 
bost  results  noted  so  far  have  been  given  by  a  phenolic  resin-tung  oil 
v-'-rnish . 
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Since  many  of  the  coatings  applied  in  the  ola  silos  broke  doim  through 
bond  failure  rather  than  acid  action  it  I'/as  do^cided  to  try  some  of  them 
on  a  new  concrete-stave  silo  in  v/hich  the  inside  v/alls  had  never  been 
plastered  or  covered  xvith  a  cement  wash.   Twenty-one  coatings  were 
applied  to  a  new  silo  of  this  kind  on  the  Ayr^s  farm  in  Sussex  County, 
New  Jersey,  early  last  summer.    These  were  givon  preliminv.ry  inspection 
befof-e  the  silo  was  filled  and  after  the  silage  had  sottled  a  fev\f  feet, 
^.hile  no   positive  results  can  be  given  nov;  it  v/as  found  th,.t  7  coatings 
v/ere  unsuitable.    Of  the  remainder  ti'io  phenolic-rosin  varnishes  appear 
to  bu  the  best.    Of  6  different  coatings  tested  on  a  new  metal  silo 
only  onu,  an  asphaltic  paint  having  a  high  melting  point,  sho^vs  any 
promise  for  cb^.ting  steel  silos.    A  supplemental  report  wall  be  prept-r-jd 
v/hen  the  silos  arc  empty,  giving  condition  of  the  cO;.. tings  t.f ter  from  1 
to  3  year's  exposure  to  silage  action. 

STO'iMr^RY 

Our   tests    shov/ed   that  the    diamet>^r    of   tho    silo   and   tho   mLoisture    content 
of   the    silage    greatly   affect   the   horizont..l    pressur-^s    on   silo  ivalls ;    a 
materir.l    increase    in  pressure    results   vrliun   thu    diametijr    is    increased 
from  llj.  feet   or   less    to    l6   feet   or  mort. ,    ■.aid   also  i/zhen  the   moisture 
content    c?iange's    from  7U  percent   or   less    to   75   percent   or  more. 

The    formulas    p.    _  dh      '^  ('for   medium-sized   silos    and   p,  _  dh 

2.65h 

(for  large  silos)  vvill  give  the  m.aximum  horizontal  pressures  to  bo  con- 
sidered in  silo  design,  if  ad-„quate  arainagu  is  provided  to  remove  the 
excess  moisture. 

Foundation-wall  dr  -ins  are  v.ff  active  for  lov/-mois  ture  silage. 

Vertical  vaall  dr:>.ins  mo.de  up  of  "horseshoe"  tiles  have  shovm  indication 
of  being  effective  .with  silage  containing  71  percent  moisture  but  wil-1 
have  to  be  testea  with  high-moisture  silage. 

Lifetime-durable  coatings  for  concrete  silos  are  still  unknov/n.   phenolic- 
resin  varnishes,  bitumens,  and  cement  washes  show^  prom.ise  of  giving  pro- 
tection for  several  years.   All  coatings  should  be  applied  early  enough  to 
give  time  for  thorough  drying  before  the  silo  is  filled.   Bitumen  prepara- 
tions shovr  the  most  promise  for  coiLting  steel  silos. 

''Aihen  a  bituminous  preparation  is  used,  one  having  a.  high  melting  point 
should  be  selected  to  minimize  i":he  danger  of  silage  sticking  to  it. 

Especial  care  must  be  taken  to  protect  the  reinforcing  metal  in  masonry- 
unit  silos  where  the  reinforcing  cannot  be  inspected. 

The  dry-matter  content  of  silos  is  approximately  the  same  for  corn  and 
grass  silage  of  the  same  moisture  content,  other  factors  being  the  s£.me . 
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Table  1.  -  The  iJaterial  percent  Moisture  and  Amount 
of  Drainage  or  Leakage  from  9  Silos 


Silo  ] 

Year 

Material 

Preservative] 

Tonnage] 

Moisture] 

Leakage  ^ 

;  Drainage 

Percent  « 

Gallon  : 

E.E.U  : 

1939 

Alfalfa  S-.    clover 

Acid 

188 

68   . 

3,990^ 

9 

B.E.5  : 

1939 

do        do 

Molasses 

198 

66    : 

975  ': 

2.2ii 

B.E.U  " 

1940 

/afalfa 

Acid 

.  333 

77 

12,390  ': 

16 

B.E.5  : 

19U0 

do 

F[o  lasses 

318 

77 

12,660  . 

18 

B.E.6  - 

l9Uo 

do 

phos.  acid 

.   97 

70 

225 

1 

B.E.li  • 

19U1 

do 

Acid 

207 

76 

6,1+29 

lU 

B.E.5 

19U1 

do 

:  I'iOlasses 

.   209 

78 

7,318 

.   15 

B.E.6 

:  19U1 

:  Oats  &  peas 

:  Phos.  acid 

:   105 

•   71; 

:   Trace 

:   Trace 

B.E.8 

:  19U1 

do    do 

!  Molasses 

':       131 

:   71 

;    do 

:    do 

Table  2.  -  Size  of  the  Silos  Tested,  Type  of  Silage  with 

its  Moisture  and  Dry  Matter  Content 


Silo 


No. 


B-6 
B>6 
B-6 

s .  c , 
s.c. 

B-8 
L-5 

B-8 
B-2 
B-5 
B-k 
B-5 
B-U 
B-2 

B-5 
B-U 
S.C. 

s.c. 
s.c. 

B-7 

B-7 

B-2 

B-3 


;  Diameter 

Feet 

11.6 


12 

12 
12 
12 
Ih 

lU 

14 

1U.3 

lU 
16 
18 
18 
18 
18 
18 
18 
18 
Ih 
Ik 
lU 
li4 
16 
16 
18 
18 


Depth 

r  Total 

: Average 

of 

:tons    in 

jmoisture 

silage 

:      silo 

•  content 

'  FeiT~ 

Percent 

30.0 

':        80 

:         71 

25.0 

\       1+9     • 

61+ 

I;0.0 

159 

78 

1+0.0 

97 

70 

Uo.o 

105 

74 

32.5    : 

91      : 

62 

/lii.O 

106 

66 

1+2.0    . 

11+1       : 

71 

35.0 

115 

71+ 

39.0     ; 

131       : 

71 

41.0 

261+ 

71+ 

31.5    : 

196      : 

68 

32.5 

188 

68 

1+0.0 

333       : 

77 

1+0.0    . 

318 

77 

1+2.5 

.     268     ■ 

72 

26.5 

207     - 

76 

26.5 

209 

78 

1+2.0    . 

126      : 

71 

1+3.0 

11+9 

69 

43.5    : 

151 

70 

1+U.5 

11+9      : 

72 

37.5 

:      198 

:         71+ 

1+0.5    : 

209 

51 

21.0 

127       : 

71+ 

16.0 

86 

72 

Tons 
in  dry 
matter 

23 
18 

35 
29 
28 

35 
36 
1+1 
30 


39 
69 

63 
60 

77 
73 


1+6 
37 


1+5 
1+2 
51 

1+0 

33 
25 


I' Material 
in   silo 

Alfalfa  &  mixed 


grasses 

•Molasses 

..Ifalfa 

&   oa 

ts 

:Molasses   A, 
;         germ 

/Jfalfa 

&    cl 

over 

Molasses 

Alfalfa 

;phos.    acid 

Oats    t 

peas 

do           do 

J  Ifalfa 

Kone 

Cereals 

:    do 

Alfalfa 

Molasses 

Oats    5: 

peas 

Oathulls    r<r. 
molasses 

Oats    A- 

peas 

Molasses 

Corn 

None 

Alfalfa 

&    cl 

over 

Molasses 

do 

do 

Ahos.    acid 

..-.Ifalfa 

do          do 

do 

Molasses 

Oats   cc 

peas 

do 

„..lfalfa 

Phos.    acid 

do 

Molasses 

Corn 

None 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Preservative 
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DESIGN  PRESSURES 
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DENSITY  OF  GRaSS  SILAGE 
as  fed  from  silo 


1.  2  -  l£  ft.  diameter  - 

2.  2  -  18  ft.  diameter  -  77?^ 

3.  1  -  II4  ft.  diameter  -  71^ 
1|.  1  -  12  ft.  diameter  -  70^^'? 
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